Introduction
THE carotid arteries are the blood vessels which supply blood to the brain, which originate from the aorta as Common Carotid Artery (CCA) and near the plane of the throat the carotid artery branches into Internal Carotid Artery (ICA) and External Carotid Artery (ECA). The ICA supplies blood to the brain and the ECA supplies blood to the face and neck. There are two carotid arteries one in the left side of the neck named as Left Carotid Artery and one in the right as Right Carotid Artery. At the region where the CCA bifurcates, the vessels enlarge to form a unique bulb named as carotid sinus. Stenosis in the carotid artery is the root cause of about 80% of strokes [1] . Deposit of plaque are generally soft structures which forms an arbitrary and irregular area inside the arteries. Here platelets fill the cracked irregular areas forming blood clots in the artery or its branches causing atherosclerosis. The most favorable location for the deposition of atherosclerotic plaque is at the bifurcation zone and the inner curvature of the vasculature, also they localize at the regions of low Wall Shear Stress (WSS) [2] . High WSS is protective towards atherosclerosis formation while the region of low WSS is prone to atherosclerosis. Therefore, the initiation of thickening of the arterial wall begins at the region of low WSS [3] [4] [5] [6] [7] . Known dynamic viscosity of blood and blood velocities are multiplied to calculate the WSS. Velocities are generally calculated using CFD techniques in solving the Navier stokes equation by iterative methods. However, CFD require accurate boundary conditions, computational time and clinical expertise. Alternately, blood velocities can be obtained by phase contrast MRI (PC-MRI) technique. It was observed that PC-MRI technique underestimates the velocity and WSS magnitude due to lack of spatial resolution [8] . However, qualitatively both MRI and CFD are similar. Local hemodynamic parameters are governed by both pulsatile pressure, bifurcation geometry along with the properties of the arterial wall and blood rheology [9] . The flow in the carotid artery was studied by many researchers [10] [11] [12] [13] . In these studies, blood was modelled as Newtonian fluid and shear thinning characteristics were ignored, arguing that the shear rate in large arteries are high and the blood viscosity was considered equal to high shear rate viscosity limit. Also, some researchers have considered simplified geometries of the realistic arteries for the computational models to simulate blood flow [14, 15] .
Milner et al. [16] compared idealized and realistic models of carotid artery and found that the idealized model when analyzed masks some key observation which was observed with realistic models. In addition to this, Taylor et al. [17] developed a finite element framework and computational study of vasculature to study clinically relevant blood flow problems and validated the computational results with experimental data and presumed that with good knowledge of the vascular hemodynamic conditions in individual patients and the combination of computational framework a better treatment can be devised in order to improve patient care. Deplano and Siouffi [18] used a stenosed model to study both experimentally and numerically the determination of WSS at the downstream of stenosis using an ultrasonic velocimeter and a finite element package for numerical simulation and found good relation between the two.
For the realistic study of human vasculature, as suggested by researchers, accurate modelling of the vasculature is important. Ladak and Milner [19] developed a rapid extracting technique to extract the arterial geometry from MR images and used Finite element methods to study the hemodynamics of the vasculature. Of all the hemodynamic parameters, carotid artery stenosis severity is a major indicator of risk of stroke. However, if was found that individuals even with severe carotid artery disease do not suffer stroke, whereas strokes occur with individuals having medium or mild stenosis. Local factors along with severity of stenosis plays a major role in predicting the risk of stroke. Steinman et al. [20] investigated the effect of the flow patterns on different carotid artery models with varying stenosis patterns using computational simulations, and found flow patterns provide accurate indications of vulnerable plaques. At post-stenotic regions complex flow separation zones were created depending on the degree of stenosis and oscillations of WSS at the downstream of stenosis, which results in low WSS regions [21] . Computational methods can be an alternative for in vivo measurement techniques like MRI with an aim in obtaining accurate vasculature hemodynamics which can help in identifying the risks of plaque rupture. Stroud et al. [22] studied a endartectomy specimen of carotid bifurcation with varying Reynolds number and pulsatile flow and found high WSS and determined that a suitable turbulence model is required to capture laminar and turbulent behavior of blood flow. Zhao et al. [24] and Marshal et al. [23] 
used a
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combined MR and CFD modelling study for a pulsatile flow in a carotid bifurcation model obtained from MRI scans. Velocities obtained from PCMR (Phase Contrast Magnetic Resonance) were used as boundary conditions and a detailed comparison of velocity patterns were made between CFD and MRI measurements. It was observed that MR measurements were inadequate to portray the secondary flow pattern and hence a combination of MR and CFD was used to obtain a more reliable information about 3-dimensional velocity field. Morbiducci et al. [25] suggested that proper boundary conditions effects the solutions of governing equations of blood flow and investigated the influence of outflow boundary condition assumptions in an image based CFD model of carotid bifurcation. They recommended to adopt more realistic constraints to study the predictions of the outcomes related to alternate therapeutic interventions and the role of local fluid dynamics and other biomechanical factors in vascular diseases.
Blood is a shear thinning fluid and the general Newtonian model will not capture the hemodynamics at critical locations [26] . Johnston et al. [27] studied blood flow through coronary arteries using different non-Newtonian blood viscosity models and concluded that Carreau-Yasuda models gives a better approximation of the WSS at low shear to mid shear range. Chen and Lu [28] investigated the nonNewtonian flow in a bifurcation model to solve the governing equations in which the shear thinning behavior was incorporated by using Carreau-Yasuda model and investigated its influence on the flow phenomena. He found significant differences between Newtonian and the Carreau-Yasuda model and determined that non-Newtonian properties of blood is an important factor in hemodynamics and plays a very important role in vascular biology [28, 29] .
In the present study, MR images of a patient specific carotid artery is reconstructed using MIMICS. The reconstructed 3D model is exported to ANSYS CFX and the effect of non-Newtonian blood viscosity on the velocity distribution, WSS and shear strain rate in a rigid carotid artery bifurcation model under steady and transient condition is analyzed. The shear thinning property of blood is taken into account using Carreau-Yasuda blood viscosity model and a detailed comparison between Newtonian and non-Newtonian model is presented.
Methodology
Image acquisition and reconstruction
One individual subject was subjected to ultrasound imaging to study the degree of stenosis as a preliminary study. A set of 2D images were acquired with MRI scans in DICOM format and were imported to MIMICS (Materialise, Leuven, Belgium) for image processing. Thresholding was used to classify the pixels with a Hounsfield range of approximately 120-150 and using region growing techniques the geometrical model of the blood vessel is constructed. The generated 3D model is subjected to smoothing to remove any unwanted irregularities in the model due to low resolution in some areas. Finally, the 3D model of the vessel is imported to Ansys 17 for post processing. Figure 1 shows the MRI slices used and reconstructed 3D model.
Blood flow measurement
Blood flow velocity is measured by acquiring the velocity components at the common carotid artery. The acquired data was synchronized with the cardiac cycle. A slice at the common carotid artery was selected to quantify the flow. After segmenting the lumen of the artery, the velocity wave form was integrated over the lumen inlet. Figure 2 shows the velocity profile at the common carotid artery. This velocity waveform is chosen for delineation of the inlet velocity profile given at the inlet of the computational model. 
Flow modelling and computational setup
The flow of blood is governed by Navier stokes equation. The conservation of mass and momentum for incompressible fluid in three dimensions is given as
where ⇢ is the constant density, v is the velocity vector, ⌧ is the shear stress tensor. The body forces and energy equations can be ignored if there is no requirement on thermal information. To calculate the blood viscosity, constitutive equations have to be employed. Different constitutive equations are proposed to model the flow of blood, but the simplest of them all is the Newtonian model which assumes the viscosity as constant. Recently, many studies have suggested models which incorporate the shear dependence of blood can predict the hemodynamics. Most common of them are power law, Casson and Carreau-Yasuda models [30, 31] . The power law is expressed as
where µ is the apparent blood viscosity k is flow consistency index, n is the power law index which shows the non-Newtonian behavior of the blood and˙ is the shear rate [32] . This model is the simplest one used to represent the non-Newtonian behavior of the fluid. However, it has a range from zero to infinite shear rate and only the values in realistic range will approximate the non-Newtonian behavior. Also, the power law index is usually selected so that the model replicates the shear thinning behavior in hemodynamic simulations [33] . The Casson model takes into account both the shear thinning behavior and the yield stress of blood. However, it is the Carreau-Yasuda model which better fits the shear rate relationship and the experimental data [34] .
where µ 0 = 0.056 Pa.s is the viscosity at zero shear rate, µ 1 = 0.0035 Pa.s viscosity at is the infinite shear rate, = 3.313 s is the relaxation time, power law index n = 0.3568 and Yasuda exponent a = 2. The 3D unsteady Navier Stokes equations were solved by implementing a finite volume scheme using ANSYS CFX (ANSYS Inc., Canonsburg, PA). The walls of the carotid artery was considered as rigid with no slip condition. At the inlet, time dependent velocity wave form obtained by Ultrasound Doppler of a patient was prescribed as shown in Fig. 3 which corresponds to the waveform as shown in Fig. 2 . For outlets, an impedance method developed by Olufsen [35] and Olufsen et al. [36] was implied by modelling the vascular system as a fractal network. In this method, the vessels beyond the imaging domain are approximated with the help of 1D flow approach [37] . The applied pressure waves on ICA and ECA are shown in Figs 4 and 5. A schematic showing the boundary conditions at the inlet and outlet is shown in Fig. 6 .
The simulation was conducted on a computational model of the carotid artery of a 64-year-old male extracted from MR scans. An eccentric partially calcified plaque measuring 1 cm in length and 2.5 mm thick was found in the proximal ICA, without causing any hemodynamically significant stenosis during Ultrasound (US) testing as shown in Fig. 7 . The fluid model is discretized into unstructured tetrahedral elements using ICEM CFD as shown in Fig. 8 and Inflation is used to capture the boundary effect with a total thickness of 1 mm as shown in Fig. 9 .
Results and discussion
In the present study, since the main focus is on the carotid artery, initially a steady state validation is carried out and results obtained are compared with the [38] . The velocity contours obtained are compared with the literature at the transverse section as shown in the Fig. 10 . Accuracy of any numerical simulation primarily depends on quality of the mesh. A good and fine mesh should be able to resolve the velocity vectors and effectively capture the hemodynamics at various regions in the carotid bifurcation used in this study. The grid independence test is performed to check the quality of the mesh for solution convergence by varying the number of control volumes in the computational domain. Grid independency test carried out is shown for carotid bifurcation adopted in the CFD study to validate the numerical simulation with current literature and subject specific carotid bifurcation. A laminar flow model was used to simulate the steady flow in the carotid arteries with RMS value of 10 4 . A maximum of 100 iterations was taken for convergence in the study. Less than 0.3% variation can be observed for average WSS for element density of 36500 to 111677 elements. Therefore, based on the grid independence study 36000 elements were used as shown in Fig. 11 . A steady state analysis is performed to understand the hemodynamics at peak systole with inlet velocity of 0.93 m/s applied at inlet and at the outlets a constant pressure of 30 mmHg is applied [39] . The variation of diameter along the three branches of the carotid artery is calculated and a location where the diameter is minimum is located as indicated in Fig. 12 . This is because the literature suggests that the assumption of blood as Newtonian fluid is valid in large arteries as the shear rates are higher. However, even in large arteries where there is stenosis leading to reduction in diameter this assumption does not hold since it masks the shear thinning character of blood [40] .
At the location where the diameter is minimum, WSS is captured along the circumference of the ICA, and it can be seen in Fig. 13 that the Newtonian model overestimates the WSS in critical location [34, 41] . High wall shear stress in an indicator of plaque rupture [42] . This is due to the assumption of constant viscosity by the Newtonian model at every location, but as blood is a shear thinning fluid the viscosity is highly dependent on the geometry and the applied boundary conditions. Transient analysis is performed by applying the inlet velocity waveform as shown in Fig. 3 and outlet pressures as shown in Figs 4 and 5. Hemodynamic parameters like shear strain rate, WSS, velocity is calculated along the axis of the carotid artery at 0.072 s where the velocity is maximum of 0.93 m/s. Figure 14 shows the variation of shear strain rate, velocity, WSS and diameter of CCA. As we can see there is no qualitative and significant quantitative difference between the Newtonian and Carreau-Yasuda blood viscosity models. But there is an increase in the value of WSS with the Newtonian model at plane 12 which is near the bifurcation and there will be flow recirculation and low WSS as can be seen clearly in the streamlines. The average diameter throughout the length of the CCA is 6.5 mm. Any artery above 6 mm in diameter is generally considered as large artery and we can also see from the plots that the shear rate is above 100 s 1 . Blood can be considered as Newtonian fluid for lumen diameter greater than 6 mm and also for shear rates above 100 s 1 , however, when there is flow circulation or reverse flows Newtonian models do not give correct results [39] .
Similarly, even in the case of ECA there is no qualitative differences between the Newtonian and Carreau-Yasuda model. However, there is small overestimation of WSS in the CCA with the Newtonian model compared to the Carreau-Yasuda model as shown in Fig. 15 . The average diameter of the ECA is 5 mm which can also be considered as a large artery, hence the Newtonian model will give satisfactory estimation of the hemodynamics. The average diameter of ICA is 4 mm. As shown in Fig. 14, the Newtonian model shows significantly higher values of shear strain rate when compared to the CarreauYasuda model at the location where the diameter is around 2 mm (i.e., at the neck of the stenosis shown in Fig. 12 ). This is the clear indicator of failure of the Newtonian model to accurately predict the hemodynamics at low diameter regions. In other locations where the diameter is higher there is not much difference between the two models.
Conclusions
It is observed that the influence of the shear thinning properties of blood on the hemodynamic parameters is not very significant in large arteries. Even in large arteries, at the region where there is low WSS leading to flow reversals and the region where the diameter is small due to stenosis the Newtonian model over exaggerates the hemodynamic parameters and does not predict the outcome accurately. It is observed by many researchers that the carotid sinus is the location where the plaque deposit occurs due to sudden enlargement of the lumen leading to flow recirculation. But, in the present study the stenosis is observed in the ICA. This is the clear indication that the plaque deposit is not only dependent on the changes in the lumen diameter and the flow recirculation region, but also on the other hemodynamic parameters and blood rheology. The Carreau-Yasuda model used in this study to capture the non-Newtonian properties of blood gives better approximations at critical locations. The limitations of this study is that the elasticity of the artery which is not incorporated, hence its effect on the hemodynamics is not shown. Further, the temporal variations of the parameters is not addressed along with the detailed rheological properties of blood.
